activated receptor-␥ (PPAR␥) agonists like pioglitazone (PGZ) are effective antidiabetic drugs, but they induce fluid retention and body weight (BW) gain. Dipeptidyl peptidase IV (DPP IV) inhibitors are antidiabetic drugs that enhance renal Na ϩ and fluid excretion. Therefore, we examined whether the DPP IV inhibitor alogliptin (ALG) ameliorates PGZ-induced BW gain. Male Sv129 mice were treated with vehicle (repelleted diet), PGZ (220 mg/kg diet), ALG (300 mg/kg diet), or a combination of PGZ and ALG (PGZ ϩ ALG) for 14 days. PGZ ϩ ALG prevented the increase in BW observed with PGZ but did not attenuate the increase in body fluid content determined by bioimpedance spectroscopy (BIS). BIS revealed that ALG alone had no effect on fat mass (FM) but enhanced the FM-lowering effect of PGZ; MRI analysis confirmed the latter and showed reductions in visceral and inguinal subcutaneous (sc) white adipose tissue (WAT). ALG but not PGZ decreased food intake and plasma free fatty acid concentrations. Conversely, PGZ but not ALG increased mRNA expression of thermogenesis mediator uncoupling protein 1 in epididymal WAT. Adding ALG to PGZ treatment increased the abundance of multilocular cell islets in sc WAT, and PGZ ϩ ALG increased the expression of brown-fat-like "beige" cell marker TMEM26 in sc WAT and interscapular brown adipose tissue and increased rectal temperature vs. vehicle. In summary, DPP IV inhibition did not attenuate PPAR␥ agonist-induced fluid retention but prevented BW gain by reducing FM. This involved ALG inhibition of food intake and was associated with food intake-independent synergistic effects of PPAR␥ agonism and DPP-IV inhibition on beige/brown fat cells and thermogenesis.
especially in patients with heart failure (29) . PPAR␥ in the renal collecting duct has been implicated in PPAR␥ agonistinduced fluid retention and BW gain, although the molecular mechanism remains unclear (15, 50) .
More recently, dipeptidyl peptidase IV (DPP IV) inhibitors have been developed as new antidiabetic drugs (56) . DPP IV is a glycoprotein detectable in plasma as well as in cell membranes of intestinal epithelial cells, inflammatory cells, and adipose tissue and cleaves NH 2 -terminal dipeptides from a variety of substrates (56) . Two substrates of DPP IV, glucagonlike peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (so-called incretin hormones), are released from the intestinal mucosa into the systemic circulation in response to glucose intake and increase postprandial insulin secretion by stimulation of pancreatic islet ␤-cells (9, 46) . DPP IV inhibitors suppress the breakdown of these incretins, thereby acting as stimulators of insulin release (9) . In addition to targeting pancreatic islets, DPP IV inhibition has favorable effects on other tissues, including the kidney, where DPP IV is strongly expressed in proximal tubular brush border and where inhibition of the enzyme induces acute diuretic and natriuretic effects (6, 33, 37) . These effects on the kidney occur independent of the presence of the GLP-1 receptor (GLP-1R) (37) and may involve inhibitory effects on the Na-H-exchanger NHE3 (13, 14, 33, 37) . Thus, whereas both principles are effective antidiabetics, the natriuretic and diuretic effect of DPP IV inhibition contrasts the fluid retention induced by PPAR␥ agonism.
Therefore, in the present study, we tested the hypothesis that the high-affinity, high-specificity DPP IV inhibitor alogliptin (ALG) ameliorates PPAR␥ agonist pioglitazone (PGZ)-induced BW gain via a reduction in body fluid volume. Since the effects of DPP IV inhibition and PPAR␥ agonism on body fluid homeostasis occur independent of their antihyperglycemic properties and to prevent confounding effects of glucoselowering on body fluid homeostasis, we tested this issue in nondiabetic mice.
MATERIALS AND METHODS
Animals and study design. All animal experimentation was conducted in accordance with the Guide for Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD) and was approved by the Institutional Animal Care and Use Committee of the Veterans Affairs San Diego Healthcare System. Male Sv129 mice (10 wk of age) were purchased from The Jackson Laboratory (Bar Harbor, ME), and housed in standard rodent cages on a 12:12-h light-dark cycle with free access to food (1% K ϩ , 0.4% Na ϩ , 4.4% fat; Harlan Teklad TD.7001) and water. At 20 -24 wk of age (average BW 28.8 Ϯ 0.3 g) the mice were separated into four groups of matched BW (n ϭ 8 -10/group), vehicle (Veh), PGZ, ALG, and combination of pioglitazone and alogliptine (PGZ ϩ ALG). After basal measurements, the Veh group was fed the repelleted standard diet. The PGZ, ALG, and PGZ ϩ ALG groups were fed the same repelleted standard diet that included PGZ [220 mg/kg diet (50); Takeda Pharmaceuticals USA, Deerfield, IL], ALG [300 mg/kg diet of free base (26); Takeda Pharmaceuticals USA], or a combination of both PGZ (220 mg/kg diet) and ALG (300 mg/kg diet), respectively. This corresponded to daily doses of ALG and PGZ of 35-40 and 25-30 mg/kg BW, respectively.
BW and food and fluid intake. BW was determined daily at the same time before and during 14 days of treatment. Daily intake of food and fluid was also determined over the whole treatment period, whereas the mice were maintained in their standard rodent cages.
Body fluid and fat analysis by bioimpedance spectroscopy. After 14 days treatment, bioimpedance spectroscopy (BIS) was performed under terminal anesthesia with ketamine (100 mg/ml, 2.5 ml/kg BW ip) and xylazine (20 mg/dl, 2.5 ml/kg BW ip) using the ImpediVet BIS1 system (ImpediMed, San Diego, CA) to analyze total body water (TBW), extracellular fluid (ECF), intracellular fluid (ICF), and fat mass (FM). BIS determines body composition on the basis of its electrical characteristics in response to the application of low-amplitude alternating electrical currents (4) . BIS has been used extensively for fluid volume and FM determination in humans (18) and more recently for fluid volume evaluation in rats and mice (4, 42) . Briefly, animals were shaved in the areas where the four electrodes were placed to gain good skin contact. The bioimpedance data were converted to appropriate values using the specific resistivity coefficients of the extracellular (Re) and intracellular (Ri) compartment (Re: 421.3; Ri: 1,053.7) of Sv129 mice. These coefficients were precalculated using all Veh group records to average normal TBW/BW and ECF/BW ratios of 58 and 20%, respectively, as described previously in C57BL6 mice (4) . Results were expressed as percentage of total BW and in absolute terms (ml or g). We used MRI (see below) (28) as an independent method to confirm unexpected results on FM measured by BIS.
Hematocrit and plasma analysis. After completing BIS and while still under terminal anesthesia, nonfasted animals had blood collected by retrobulbar plexus puncture. Hematocrit was measured after centrifugation. Plasma DPP IV activity was measured using a homogeneous luminescent assay, DPP IV Protease Assay (Promega, WI), as described (37) . Data were expressed relative to Veh, set as 100%. Plasma free fatty acid (FFA) concentration was determined using an enzyme-based FFA quantification kit (Biovision). Plasma glucose was determined by the hexokinase/glucose-6-phosphate dehydrogenase method (Infinity, Thermo Electron).
Analysis of FM and fat distribution by MRI. In a separate set of mice and a 16-day treatment with PGZ or PGZ ϩ ALG, MRI was used to determine FM and fat distribution using a Bruker 7T/20 MRI scanner with a magnetic field strength of 7.0 Tesla (Bruker-Biospin, Ettlingen, Germany) immediately after euthanasia with CO2. Contiguous coronal slices were acquired using a multi-slice, multi-echo sequence (repetition time/echo time ϭ 1,115.4 ms/10.5 ms) with up to 65 coronal planes, depending on the size of the mouse, each 0.5 mm thick and two averages. The field of view was 9 ϫ 3.6 cm, with a matrix size of 256 ϫ 128 complex points. Using Amira 5.4.2 software (Visage Imaging, Berlin, Germany), body FM, body lean mass, and abdominal visceral and subcutaneous FM were analyzed independently by two investigators, as described previously (22) . The abdominal region between the xiphisternum and the base of tail was included in visceral and subcutaneous FM measurements.
Determination of adipocyte size. Adipocyte size was measured in frozen adipose tissue (Veh, PGZ, ALG, and PGZ ϩ ALG) and fresh adipose tissue (PGZ and PGZ ϩ ALG). Frozen adipose tissue refers to epididymal white adipose tissue (WAT), which was excised during anesthesia after 14 days of treatment (after BIS measurement) and being immediately snap-frozen in liquid nitrogen and stored in Ϫ80°C freezer without fixation at time of harvest. Fresh adipose tissue refers to epididymal and inguinal subcutaneous WAT, which was excised from mice after 16 days treatment (after MRI measurement) followed by immediate fixation. Both frozen and fresh tissues were fixed for 24 h in 4% paraformaldehyde and embedded in paraffin. Paraffin embedded fat tissue was cut into 5-m sections and stained with hematoxylin and eosin. Pictures were taken on an Olympus IX81 microscope, and adipocyte cross-sectional area was determined using Image J 1.45s (http://rsb.info.nih.gov/ij), as described previously (11 (27) . Fluorescence signal was quantified by scoring the percent of pixels per image that exceeded an intensity threshold. Data were collected from at least 40 random fields per group (n ϭ 4 -5/group) with a ϫ20 objective lens.
Uncoupling protein 1 mRNA expression analysis in epididymal WAT. After 14 days of treatment, epididymal adipose tissue was excised under terminal anesthesia with ketamine and xylazine (see above) and snap-frozen in liquid nitrogen. Uncoupling protein 1 (UCP1) mRNA expression analysis was performed using an ABI 7300 Real-Time PCR System, as described previously (51) . Amplification efficiencies were normalized against the fat tissue housekeeping gene 36B4 (12), the expression of which was not affected by any treatment (data not shown; in contrast, expression of rpl19 and cyclophilin was affected by treatment, and therefore, it was not used). The specific primer sequences were as follows: UCP1: forward ACTGCCACACCTCCAGTCATT, reverse CTTTGCCTCACTCAG-GATTGG; 36B4: forward TAAAGACTGGAGACAAGGTG, reverse GTGTAGTCAGTCTCCACAGA. Each RNA sample was analyzed in triplicate.
Pair-feeding study. In a separate set of male Sv129 mice using the same diets, pair-feeding was performed to further delineate the influence of the food intake-lowering effect of ALG on changes in BW and expression of TMEM26 in inguinal WAT and interscapular BAT and to determine effects of the drugs on rectal temperature. Pair-feeding was performed by giving the ALG-treated group free access to the diet and adjusting on a daily basis the amount of diet given to the other three groups. BW and food and fluid intake were determined as described for 16 days. Then the rectal temperature was determined twice in each mouse on 2 consecutive days during brief and standardized isoflurane anesthesia. Spontaneous urine samples were collected to determine concentrations of sodium, potassium, and creatinine in awake mice, and blood and fat tissue were collected under terminal anesthesia to determine hematocrit and analyze for adipocyte size and/or TMEM26 expression, respectively, as described above.
Statistical analysis. Data are presented as means Ϯ SE. Statistical differences were analyzed by Student's t-test in studies with two groups only (for comparison between PGZ ϩ ALG vs. PGZ alone) or ANOVA followed by appropriate post hoc testing (Holm-Sidak) for pairwise comparisons and for comparison with vehicle group when more than two groups were compared. P Ͻ 0.05 was considered to be statistically significant.
RESULTS

ALG prevented the PGZ-induced increase in BW.
Basal BW before treatment was not different among the groups [Veh 28.7 Ϯ 0.8 g, PGZ 28.8 Ϯ 0.6 g, ALG 28.7 Ϯ 0.7 g, and PGZ ϩ ALG 28.9 Ϯ 0.5 g; n ϭ 8 -10/group, not significant (NS)]. PGZ increased BW compared with Veh (Fig. 1B) . ALG did not siginificantly lower BW compared with Veh (Fig. 1B) . However, ALG added to PGZ prevented the increase in BW seen with PGZ alone (Fig. 1B) .
PGZ did not significantly change the mean daily food or fluid intake over the 14-day period compared with Veh ALG did not attenuate PGZ-induced fluid retention. A decrease in hematocrit has been related to fluid retention and increased vascular permeability in response to PPAR␥ agonists (43, 50) . PGZ decreased hematocrit compared with Veh, whereas ALG alone had no effect (Fig. 1C) . PGZ ϩ ALG decreased hematocrit to a greater degree than PGZ alone (Fig.  1C) . As determined by BIS, PGZ significantly increased TBW/ BW, ECF/BW, and ICF/BW compared with Veh, whereas ALG alone had no effect on these parameters (Fig. 2, A-C) . PGZ ϩ ALG increased TBW/BW, ECF/BW, and ICF/BW to a similar degree as PGZ alone (Fig. 2, A-C) . Similar results were obtained for absolute values of TBW, ECF, and ICF (Fig.  2, D-F) . Consistent with the results for hematocrit, the BIS data demonstrate that PGZ induced fluid retention and that cotreatment with ALG did not attenuate this response. Therefore, the ALG-induced prevention of BW gain in response to PGZ was not due to an effect on fluid retention.
ALG prevented PGZ-induced BW gain by reducing visceral and subcutaneous FM. It has been reported that PGZ decreases adipocyte size in obese rats (7) and ALG ameliorates high-fat diet-induced adipocyte hypertrophy (39) . Therefore, we used BIS to determine whether PGZ and/or ALG altered FM. We found that PGZ significantly decreased FM relative to BW and in absolute terms, whereas ALG alone had no effect compared with Veh (Fig. 3A) . Notably, PGZ ϩ ALG further decreased FM compared with PGZ alone (Fig. 3A) . These BIS results indicated that PGZ decreased FM and that ALG potentiated this effect on FM. To confirm the BIS results on FM by an independent method, we used MRI, an established evaluation tool for FM (28) , in a separate set of mice after 16-day treatment with PGZ vs. PGZ ϩ ALG. Similar to BIS data (Fig. 3A) , PGZ ϩ ALG decreased absolute FM significantly (Fig. 4A ) compared with PGZ alone. In comparison, body lean mass was similar between PGZ and PGZ ϩ ALG (Fig. 4A ). PPAR␥ agonists, like PGZ, can induce a shift of fat distribution from visceral to subcutaneous adipose tissue, which is associated with improvement of insulin resistance (25) . Therefore, we measured visceral and subcutaneous FM using MRI. PGZ ϩ ALG decreased visceral FM significantly and subcutaneous FM numerically compared with PGZ alone such that the visceral/ subcutaneous FM ratio was similar among the groups (Fig.   4B ). The studies show that the reduction in body FM explained the ALG-induced prevention of BW gain in response to PGZ and that both visceral and subcutaneous adipose tissue were affected similarly.
Synergistic effect of ALG and PGZ on adipocyte size in epididymal WAT. To analyze further the effect of ALG and PGZ on adipose tissue, we examined adipocyte size in epididymal WAT (Fig. 3, B-D) . PGZ or ALG alone did not significantly change mean adipocyte size (Fig. 3C) . In comparison, PGZ ϩ ALG decreased adipocyte size significantly compared with Veh (Fig. 3C) ; a lower mean value of adipocyte size in response to PGZ ϩ ALG was associated with a redistribution to smaller adipocytes (Fig. 3D) .
Analyses in a separate set of mice (after MRI) revealed that, in addition to epididymal WAT, inguinal subcutaneous adipocyte size was also decreased significantly in PGZ ϩ ALG compared with PGZ alone (Fig. 4, C and D) . These results indicated that FM reduction in PGZ ϩ ALG vs. PGZ alone was associated with a shift to smaller adipocytes in epididymal and subcutaneous inguinal WAT.
PGZ, but not ALG, lowered epididymal WAT mRNA expression of UCP1. Quantitative real-time PCR analysis in epididymal WAT revealed that PGZ alone and together with ALG increased the mRNA expression of the thermogenesis mediator UCP1 (54) vs. Veh, whereas ALG alone had no effect (Fig. 3E) .
ALG, but not PGZ, reduced DPP IV activity and the concentration of FFA in plasma. Circulating DPP IV levels and activity are positively correlated with adipocyte size (21), and plasma FFA concentration is known to positively associate with FM (19) . We observed that ALG decreased plasma DPP IV activity and plasma FFA concentrations in the presence and absence of PGZ, whereas PGZ alone had no effect (Fig. 5, A  and B) . Blood glucose concentrations were not significantly different between ALG, PGZ, and PGZ ϩ ALG vs. Veh (11.5 Ϯ 0.5, 12.5 Ϯ 0.5, and 12.1 Ϯ 0.4 vs. 12.9 Ϯ 0.4 mM, NS) and difficult to interpret since measurements were performed in nonfasted animals and under ketamine-xylazine anesthesia, which is known to acutely increase blood glucose levels.
ALG increases brown-fat-like "beige" cells in inguinal subcutaneous WAT in the presence of PGZ. Brown fat-like "beige" cells, which show islets of multilocular cells, can be found in inguinal subcutaneous WAT in mice and induce thermogenesis like classical BAT (54) . We found that PGZ ϩ ALG increased the abundance of multilocular brown fat-like cells in inguinal subcutaneous WAT compared with mice treated with PGZ alone (Fig. 4D) . To follow up on these findings, we examined the expression of beige cell marker TMEM26 (54) in inguinal subcutaneous and retroperitoneal WAT as well as interscapular BAT. Compared with PGZ alone, PGZ ϩ ALG significantly increased the percent area of TMEM26 fluorescence in inguinal subcutaneous WAT and interscapular BAT (Fig. 6, A and B) . By comparison, TMEM26 expression in retroperitoneal WAT was similar among the groups (Fig. 6, A and B) . The mean intensity of TMEM26 was similarly altered such that the ratio of the mean intensity to 5 . ALG, but not PGZ, reduced dipeptidyl peptidase (DPP IV) activity and the concentration of free fatty acid in plasma. Effect of 14-day treatment with PGZ, ALG, and PGZ ϩ ALG on plasma DPP IV activity (A) and plasma free fatty acid (B). *P Ͻ 0.05 vs. Veh; #P Ͻ 0.05 vs. PGZ alone; n ϭ 7-10/group. percent area of TMEM26 was similar between PGZ alone and PGZ ϩ ALG (data not shown). These data are consistent with the notion that ALG increased the abundance of brown fat-like beige cells in inguinal subcutaneous WAT and possibly interscapular BAT in the presence of PGZ.
Pair-feeding studies: role of food intake in ALG effects on BW and synergistic effects of ALG and PGZ on TMEM26 expression in interscapular BAT and subcutaneous inguinal
WAT and rectal temperature. Basal BW before treatment was not different among the groups (Veh 32.8 Ϯ 0.9 g, PGZ 32.4 Ϯ 0.8 g, ALG 32.7 Ϯ 0.5 g, and PGZ ϩ ALG 32.3 Ϯ 0.5 g; n ϭ 8 -9/group, NS). Pair feeding established similar food intake in all groups (Fig. 7A) and eliminated lower food intake as a confounding factor in response to ALG. The PGZ-induced increase in BW compared with Veh was maintained. As shown in Fig. 7B , pair feeding prevented the BW-lowering effect of ALG that was observed in non-pair-fed mice (for comparison, see Fig. 1B ). Both PGZ and PGZ ϩ ALG lowered hematocrit to a similar extent vs. vehicle (Fig. 7C) , consistent with a similar fluid retention as proposed by BIS data in non-pair-fed mice (Fig. 2) .
As observed in non-pair-fed mice (Fig. 4C) , PGZ ϩ ALG lowered adipocyte size vs. PGZ in inguinal subcutaneous WAT (Fig. 7D) . PGZ alone increased adipocyte size in this tissue vs. vehicle, whereas ALG alone was ineffective. As in non-pairfed mice (Fig. 6) , PGZ ϩ ALG increased the percent area of TMEM26 fluorescence vs. PGZ in inguinal subcutaneous WAT and interscapular BAT (Fig. 8, A and B) . Notably, the TMEM26 fluorescence signal was greater in PGZ ϩ ALG vs. Veh in both tissues. ALG alone lowered the percent area of TMEM26 fluorescence in interscapular BAT and had no significant effect in inguinal subcutaneous WAT. By comparison and as observed in non-pair-fed mice (Fig. 6 ), TMEM26 expression in retroperitoneal WAT was not different among groups (not shown). These changes were associated with an increase in rectal temperature in PGZ ϩ ALG vs. Veh, whereas PGZ and ALG alone were ineffective (Fig. 8C) .
DISCUSSION
The present study shows for the first time that a DPP IV inhibitor can prevent the PPAR␥ agonist-induced BW gain due to a reduction in FM, but not in fluid retention. The FM reduction was associated with a reduction in adipocyte size, including epididymal and inguinal subcutaneous WAT. The reduction in BW was prevented by pair feeding, indicating a prominent role for the food intake-lowering effect of ALG. In addition, we show that a DPP IV inhibitor and PPAR␥ agonist together increase the expression of TMEM26, a marker of brown fat-like beige cells, in inguinal subcutaneous WAT and interscapular BAT, which is paralleled by an increase in rectal temperature, whereas each drug alone was ineffective. These effects occurred independent of the ALG effect on food intake.
ALG did not prevent PGZ-induced fluid retention. This was demonstrated unequivocally by measurement of hematocrit and body fluid content using BIS. We reported recently that acute inhibition of DPP IV activity by ALG induces diuresis and natriuresis (37) , confirming previous studies (6, 33) . The diuretic and natriuretic effect by ALG did not require an intact GLP-1R (37) and therefore may involve DPP IV substrates beyond GLP-1 [potential candidates include brain natriuretic peptide 1-32 (2)]. Chronic inhibition of DPP IV activity can also induce diuresis and natriuresis (13, 33) . However, a study with the DPP IV inhibitor sitagliptin in rats indicated that diuretic and natriuretic effects decreased gradually after 3 days of treatment (total of 8 days of treatment) (33) , which in part, may be due to the activation of compensatory antinatriuretic mechanisms. Consistent with similar food intake and steadystate conditions, we found similar urinary sodium and potassium to creatinine ratios in spontaneous urine samples in all groups during the 3rd wk of treatment in the pair-feeding studies (data not shown). Furthermore, we reported previously that ALG had no acute diuretic and natriuretic effect in diabetic db/db mice, although the drug was effective in nondiabetic db/Ϫ mice (37). Thus, the effect of DPP IV inhibition on renal excretion may depend on the duration of treatment and the metabolic status. Although further studies are needed to better understand these issues, the present studies do not support the notion that DPP IV inhibition can significantly affect PPAR␥ agonist-induced fluid retention.
To our knowledge, this is the first study to examine the combined effect of a DPP IV inhibitor and a PPAR␥ agonist on FM. A recent report indicated the usefulness and reliability of BIS to detect changes in FM in rats by showing that FM measured by BIS was highly correlated with chemical carcass analysis (r 2 ϭ 0.966) (42) . In the present study, we showed using BIS that PGZ alone and PGZ ϩ ALG significantly reduced FM compared with Veh. We further confirmed the usefulness of BIS to detect changes in FM in the mouse by comparing the results with MRI, a gold standard for FM measurement (28) . Both methods revealed that the application of ALG to PGZ-treated mice reduced FM/BW ratios and absolute FM by 20 -46%. By comparison, ALG alone did not affect FM. These findings indicated a synergistic effect of ALG and PGZ on FM.
PPAR␥ agonists have been shown to enhance differentiation of preadipocytes into mature adipocytes and promote fatty acid storage in adipose tissue (24, 36) . PPAR␥ agonists have also been described to decrease the number of large adipocytes (32) and thereby increase the percentage of smaller adipocytes (7, 32) . We found that PGZ alone increased mean adipocyte size in subcutaneous inguinal WAT compared with Veh, but this was not observed in epididymal WAT. Whether PPAR␥ agonists decrease or increase absolute FM appears to depend on the model studied and the metabolic conditions and possibly the source of WAT. PGZ has been reported to increase total FM (by 26%, measured by MRI) in obese Zucker rats (7) but decrease abdominal FM (by 10%, measured by dual-energy X-ray absorptiometry) in patients with type 2 diabetes (1). Furthermore, the PPAR␥ agonist troglitazone decreased epididymal fat pad weights in lean Zucker rats (by 15%; wet tissue) but increased this parameter in obese Zucker rats (by 30%; wet tissue) (32) . However, the interpretation of wet fat tissue weight is difficult based on the well-established increase in fluid content of epididymal WAT in response to PPAR␥ agonism. We found that PGZ alone reduced total FM in nondiabetic Sv129 mice. This mouse model is a nonobese model, which might have facilitated FM reduction in response to PGZ treatment. PPAR␥ agonists have been shown previously to elevate UCP1 expression in epididymal and inguinal subcutaneous WAT, and this has been linked to FM reduction in mice (34, 38) . UCP1 is expressed mainly in classical BAT and defends against obesity and hypothermia by inducing thermogenesis at the expense of ATP (54) . PGZ alone increased UCP1 gene expression in epididymal WAT eightfold compared with Veh, and thus our data are consistent with the notion that PGZ induces FM reduction in part by metabolic uncoupling and thermogensis in WAT.
In the present study, ALG alone had no apparent effect on FM. How then can ALG enhance the PGZ-induced FM reduction? There could be a small reduction in FM by ALG, independent of PGZ, that we missed to detect. Studies in obese mice reported that the DPP IV inhibitors ALG and sitagliptin can reduce visceral fat pad weights (by 15-20%) (8, 41) and total abdominal FM (by 25%; measured by MRI) (39), respectively. DPP IV inhibitors can modestly decrease mean adipocyte size and shift the adipocyte size distribution to smaller values (8, 41) . We did not detect significant effects of ALG alone on adipocyte size in epididymal and subcutaneous inguinal WAT but found that ALG consistently lowered adipocyte Previous studies showed that mice lacking DPP IV were protected against high-fat diet-induced FM gain due to higher UCP1 expression in BAT and reduced food intake (5) . The incretin GLP-1, which is inactivated by DPP IV and increased with DPP IV inhibition, activates the GLP-1R in the central nervous system, thereby increasing BAT thermogenesis via activating the sympathetic nervous system (23) and inhibiting food intake via stimulating satiety centers (49) . In accord with the findings of these studies, we found that ALG lowered food intake and that pair feeding prevented the BW-lowering effect of ALG in the presence of PGZ. Plasma FFA levels are determined by food intake and the release of FFA from adipose tissue (20) . FFA release from adipose tissue is well regulated to maintain plasma FFA concentration within normal limits (20) ; however, extreme food intake causes excess FFA release and higher plasma FFA concentration and increased adiposity (20) . In accord with these observations, plasma FFA levels are positively associated with FM (19) . We found that ALG lowered plasma FFA, consistent with a previous study in obese mice in which chronic inhibition of plasma DPP IV activity (by 90%) with FE 999011 for 19 days decreased plasma FFA (by 40%) as well as food intake (by 20%) (44) . In patients with type 2 diabetes, ALG alone and together with PGZ produced similar significant reductions in total postprandial triglyceride responses as well as triglyceride-rich lipoproteins (10) . Therefore, we propose that the DPP IV antagonist ALG lowered BW in PGZ-treated mice in part by lowering food intake and plasma FFA.
In the current study, adding ALG to PGZ treatment enhanced the abundance of islets of multilocular cells in inguinal subcutaneous WAT, reminiscent of previously reported brown fat-like "beige" cells in this tissue (54, 55) . Beige or "brite" cells resemble white fat cells in that they have extremely low basal expression of UCP1, but like classical BAT they respond to cAMP stimulation with high respiration rates (54) . Beige cells have a gene expression pattern distinct from either white or brown fat and express the gene Tmem26 (54), which encodes a 41.6-kDa transmembrane protein that is conserved throughout evolution but whose function remains unknown (48) . PPAR␥ agonists have been proposed before to induce a white-to-brown/beige fat conversion preferentially in subcutaneous WAT (31, 40) . Our studies did not find consistent effects of PGZ alone on TMEM26 expression in WAT, but we found that adding ALG to PGZ treatment increased the expression of brown fat-like beige cell marker TMEM26 in inguinal subcutaneous WAT. Previous studies indicated that depots of BAT in adult humans as well as children are composed of beige adipocytes, which also express TMEM26 (40, 54) . In this regard, we found that PGZ ϩ ALG also increased the expression of TMEM26 in interscapular BAT of adult mice compared with PGZ alone. Moreover, PGZ ϩ ALG increased the expression of TMEM26 in both interscapular BAT and inguinal subcutaneous WAT above the levels observed in VEH, whereas PGZ and ALG alone were ineffective. These changes also occurred when we controlled food intake by pair feeding and were associated with an increase in rectal temperature in PGZ ϩ ALG vs. Veh, whereas PGZ and ALG alone did not affect rectal temperature. Thus, integrated changes in the TMEM26 expression in inguinal subcutaneous WAT and interscapular BAT paralleled the changes in rectal temperature. This is consistent with the notion that DPP IV inhibition by ALG may have lowered FM in PGZ-treated mice in part by synergistic effects of ALG and PGZ on thermogenesis in beige/brown fat cells. This food intake-independent increase in thermogenesis/browning of inguinal subcutaneous WAT and interscapular BAT should, in the context of equal food and energy intake, result in reduced BW. The finding that application of ALG to PGZ-treated mice did not lower total BW in the pair-feeding studies indicates that energy balance and BW regulation are more complex. Further studies are needed to carefully analyze energy expenditure and organ mass and better define the molecular nature of the synergistic interaction of DPP IV inhibitors and PPAR␥ agonists on the level of the adipocytes.
In summary, DPP IV inhibition did not attenuate PPAR␥ agonist-induced fluid retention but prevented BW gain by reducing FM. This involved ALG inhibition of food intake and was associated with food intake-independent synergistic effects of PPAR␥ agonism and DPP IV inhibition on beige/ brown fat cells and thermogenesis (Fig. 9 ). An increase in FM is a crucial risk factor for the progression of cardiovascular disease and metabolic dysfunction (16, 52) . Furthermore, an increase in the number of beige cells in WAT has been associated with protection against diet-induced obesity and metabolic diseases (35, 55) . Therefore, we propose that combination treatment with a DPP IV inhibitor and a PPAR␥ agonist is a potent approach to lower FM and affect fat cell phenotype and deserves further experimental and clinical evaluation.
